Autophagy is an evolutionarily conserved self-digestion process for the quality control of intracellular entities in eukaryotes. In the past few years, mounting evidence indicates that microRNAs (miRNAs)-mediated post-transcriptional regulation of gene expression represents an integral part of the autophagy regulatory network and may have a substantial effect on autophagy-related physiological and pathological conditions including cancer. Herein, we examine some of the molecular mechanisms by which miRNAs manipulate the autophagic machinery to maintain cellular homeostasis and their biological outputs during cancer development. A better understanding of interaction between miRNAs and cellular autophagy may ultimately benefit future cancer diagnostic and anticancer therapeutics.
INTRODUCTION
The discovery of cellular microRNAs (miRNAs), a class of evolutionarily conserved short non-coding RNAs, has revealed an entirely new layer of post-transcriptional gene regulation [1] . miRNAs are present either as single units throughout the genome or in gene clusters and play a critical role in various biological processes. Expression of miRNAs reshape various aspect of cancer-related events such as cell transformation, apoptosis, metastasis, inflammation, and immunity [2] . Depending on the tissue context and target genes, cellular miRNAs can act as oncogenes or tumor suppressors when mis-expressed or de-regulated [2] . The first identified miRNA tumor suppressors are miR-15a and miR-16-1, which target the pro-survival Bcl-2 family members and were frequently lost in chronic lymphocytic leukemia (CLL) [3, 4] . Since then, numerous tumor-associated miRNAs have been uncovered to date, yet only a handful of them have their targets validated and even less have the relevant mechanisms addressed. Given that a single miRNA may target a multitude of transcripts and that one certain gene may influence multiple miRNA expression, elucidating tissue-specific miRNA expression and function remains a challenge in miRNA research. Recent development of high throughput discovery tools such as next-generation sequencing and integrative genomics provide opportunities to identify mechanistic links between deregulated miRNAs and cancer-related pathways [5, 6] . Significantly, it is now being appreciated that miRNAs serve as novel and potent regulators of the autophagy pathway [7] . The miRNA-autophagy crosstalk reprograms the biological functions of autophagy during cancer development, and also sheds lights on new targets for anticancer therapies. In this review, we focus on recent findings about the multifaceted roles of miRNAs in autophagy regulation and its significance in cancer.
THE AUTOPHAGY MACHINERY
Macroautophagy (referred to as autophagy), initially described as a lysosome-dependent degradation of cytoplasmic contents on starvation, has since been implicated in almost every facet of human health and can be linked to a myriad of human diseases including cancer [8] . Over 30 distinct autophagy-related (Atg) genes have been identified so far in yeast, and many of them have orthologs in mammals [9] . Importantly, a growing body of evidence shows that, in addition to their role in regulating autophagy, Atg proteins can function in different metabolic and immunologic pathways, highlighting intricate connection and coordination of autophagy with other signaling networks. While constitutively active at basal levels to maintain homeostasis, autophagy is upregulated under conditions of cellular stress [8] . During autophagy, portions of cytoplasmic proteins and/or organelles are sequestered within characteristic double-membrane-bound autophagosomes and delivered to lysosomes for bulk degradation [10] . A complete autophagic process can be divided into several distinct stages, including induction, vesicle nucleation, autophagosome membrane elongation, fusion, and degradation ( Figure 1 ) [8, 9] . Simply stated, autophagy induction is controlled by the gatekeeper, the mammalian target of rapamycin complex 1 (mTOC1), which can sense and integrates stress signals from various sources including growth factors, amino acids, hypoxia, and energy levels. Under normal conditions, mTORC1 is active and represses autophagy by precluding the assembly of the autophagy-initiating ULK1 (human homolog of ATG1) kinase complex, including ULK1, Atg13, FIP200, and Atg101 [11, 12] . Stressinduced inactivation of mTORC1 enables the assembly and activation of the ULK1 complex to initiate the autophagy cascade. Following induction, autophagy signals are resolved in space to the phagophore-forming sites rich in phosphatidylinositol-3-phosphate (PI3P), which can be derived from multiple pre-existing membrane sources including endoplasmic reticulum, Golgi stacks, endosome, as well as nuclear and plasma membrane [13] [14] [15] [16] . Notably, phagophore nucleation is driven by the Beclin1-associated PI3P-kinase class III Figure 1 . Schematic representation of the core autophagy pathway and its regulation by miRNAs. Autophagy proceeds through a series of steps including induction, vesicle nucleation, membrane elongation, and autophagosome maturation into the lysosome for degradation and recycling. miRNAs regulation occurs at each dynamic step. Autophagy induction is directly and tightly controlled by the 'nutrient sensor' mTORC1, which under nutrient-rich condition precludes the assembly and the activation of the autophagy-initiating ULK complex comprising ULK1/2, Atg13, and FIP200 (Step 1). mTORC1 is inactivated in response to various stimuli (for instance, starvation, hypoxia), which enables the activation of the ULK complex and triggers the autophagy cascade. MiR-20a, miR106b, and miR-885-3P target ULK1/2 and suppress autophagy. Phagophore nucleation, which is confined to the phosphatidylinositol-3-phosphate (PI3P)-containing vesicles, is driven by the Beclin1-associated PI3KC3 complex (Step 2). The activity of this kinase complex is suppressed by the anti-apoptotic Bcl-2 proteins, a functional target of multiple miRNAs such as miR-182, miR-34a, miR-210, miR-205, miR-21, miR-195, miR-24-2, and miR-365-2. Beclin1 can also be targeted by miR-30a, miR-30d, miR-17-5p, miR-216a, miR-376a, and miR-365-2. In addition, UVRAG is a direct and functional target of miR-630 and miR-374a, while Atg14 being inhibited by miR-195. Autophagosome membrane elongation involves two ubiquitin-like conjugation systems: one is Atg12-Atg5 conjugation and the other is LC3-phosphatidylethanolamine (PE) conjugation, the latter of which is sequentially processed by Atg4, Atg7, and Atg3 (Step 3). Atg7 can be suppressed by miR-375 and miR-17. LC3-II levels are posttranscriptionally controlled by miR-204. Fusion of the autophagosome with the lysosome signifies the maturation stage of the autophagy pathway, a step that involves multiple membrane fusion factors and is negatively regulated by the Rubicon complex (Rubicon-UVRAG-Beclin1-PI3KC3-p150). Finally, the encapsulated contents, together with the inner membrane of the autophagosome, undergo breakdown by lysosomal hydrolases.
(PI3KC3) complex, whereby Beclin1 acts as a scaffold to recruit both activating cofactors including Vps15, Atg14L, UVRAG, Bif-1, and Ambra-1, as well as inhibiting factors including Bcl-2 for a balanced regulation [17] . Growth and ultimate sealing of the autophagosome membrane engage two ubiquitin-like conjugation systems, LC3-phophatidylethanolamine (PE) conjugation and Atg12-Atg5 conjugation [18] . After proteolytic cleavage by the Atg4 cysteine protease, LC3 is conjugated to the membrane lipid PE (the conjugated form is termed LC3-II) after sequential processing by Atg7 (E1) and Atg3 (E2). In parallel, ubiquitin-like Atg12 is conjugated to Atg5 in a similar manner except that Atg10, instead of Atg3 serves as the E2 enzyme [18, 19] . Once formed, most of the autophagy machinery can be recycled in the cytosol with the exception of a proportion of LC3-II that is retained on the autophagosome membrane until the final lysosome fusion is executed. Finally, the autophagosome 'matures' through multiple transient interaction and membrane fusion with the endosome-lysosome network to form a hybrid-like organelle called the autolysosome, a pivotal checkpoint for the overall autophagy flux and a convergence point of endocytic trafficking. Recent studies have uncovered multiple factors that function in the maturation process of autophagosome including but not limiting to SNARE proteins like VAMP7, tethering factors like the class C vacuolar protein sorting (Vps) complex, Rab family members such as Rab7, Atg9, Rubicon-containing PI3KC3 complex, and lysosome membrane proteins all seem involved to different extent (Figure 1 ) [20] [21] [22] [23] [24] [25] . Consequently, the encapsulated materials, together with the inner membrane of the autophagosome, undergo breakdown by lysosomal hydrolases and retrieval [26] . Importantly, almost every stage of the autophagy pathway is recently found to be exquisitely manipulated by miRNAs, including both oncogenic and tumor suppressive ones, which reflects the substantial significance of miRNA-regulated autophagy during cancer development. For clarity, we discuss the many interactions of cancer-related miRNAs and the autophagy pathway in relation to the linear cascade of the autophagy process (Figure 1 ).
TARGETING AUTOPHAGY INDUCTION
One of the initial events upon autophagy induction is the activation of the ULK1 complex, which is directly controlled by mTORC1 (Figure 1 ). miRNAs could interfere with upstream autophagy signaling by targeting mTORC1 or the ULK1 complex. Indeed, oncogenic miR-20a and miR-106b have been found to target the 3'UTR of ULK1 and blunt autophagy induced by leucine deprivation in C2C12 myoblasts [27] . More recent findings further established that another Atg1 homologue, ULK2, which can compensate for the loss of ULK1 function in certain cell types [28] , was inhibited by miR-885-3p mostly in response to chemotherapeutic drugs [29] . Intriguingly, the miR-885-3p recognition sequences have been detected in multiple apoptosis-and autophagy-related genes including MDM4, Bcl2, Casp2, and Casp3, etc., highlighting a complex tumor cell response to drug treatment [29] . It remains to be determined whether inhibition of autophagy induction by miRNAs serves to preclude prolonged and unleashed autophagy initiation in normal conditions. Nevertheless, targeting mTORC1-ULK1 signaling may be an important negative regulation to suppress the early stage of self-survival autophagy, thereby sensitizing some cancer cells to cell death.
TARGETING VESICLE NUCLEATION
Vesicle nucleation of the phagophore is driven by the activation of the Beclin1-associated PI3KC3 complex (Figure 1 ). This process is suppressed by the anti-apoptotic BCL-2 proteins such as Bcl-2, Bcl-xL, and Bcl-w, and is promoted by the pro-autophagic proteins Atg14 and UVRAG, all targeting Beclin1 during autophagosome formation [17] . It is thus plausible to speculate that miRNAs inhibiting Bcl-2 may positively regulate autophagy, whereas those targeting Atg14, UVRAG, or Beclin1 may inhibit autophagy. Of note, a growing list of tumor suppressive miRNAs have been identified to regulate Bcl-2 at their respective binding sites in Bcl-2, including miR-182, miR-34a, miR-210, miR-205, miR-21, miR-195, miR-24-2, and miR-365-2 in different tumor contexts [30, 31] . However, most studies on these miRNAs focus on their ability to post-transcriptionally inhibit Bcl-2 expression and thereof facilitate the mitochondrial release of apoptogenic factors, which can augment drug-induced apoptosis [31] . At present, it is not clear whether these anti-Bcl-2 miRNAs have the comparable capability to activate autophagy; however, owing to the fact that apoptosis is not the sole action of Bcl-2 and that autophagy also participates in BCL-2-mediated tumorigenesis [32] , it seems likely that these pro-apoptotic miRNAs targeting Bcl-2 also function as pro-autophagic factors. Apart from the tumor suppressive anti-Bcl-2 miRNAs, Bcl-2 expression is also upregulated by the oncogenic miR-21 that is amplified in various tumors including breast cancer [33] . In line with this, recent study reported that targeted elimination of miR-21 triggers autophagy and increase drug sensitivity in leukemia cells [34] . As autophagy attenuation is critical for tumor maintenance, miRNA-mediated dysregulation of autophagy might contribute to the oncogenic mechanism in some cancer. Unlike Bcl-2 that acts as a negative regulator of autophagy, Beclin1 serves as a core autophagy effector by forming a complex with PI3KC3 to directly mediate autophagosome formation (Figure 1 ). Not surprisingly, expression of Beclin1 is targeted by several miRNAs, including but likely not limiting to miR-30a [35] , miR-30d [36] , miR-17 [37] , miR-216a [38] , miR-376a [39, 40] , and miR-365-2 [41] . Among them, miR376a appears to act in rapamycin-or starvation-induced autophagy by targeting both Atg4 and Beclin1 [40] , whereas miR-30a, miR-30d, and miR17 are cancer-related Beclin1 inhibitors and determine the sensitivity of cancer cells to chemotherapy [35] [36] [37] 39] . A most recent study by Chatterjee et al., [42] demonstrated that combined expression of both miR-16, which inhibits Bcl-2-mediated anti-apoptosis, and miR-17, which antagonizes Beclin1-mediated cytoprotective autophagy, significantly sensitized paclitaxel-resistant lung cancer cells, highlighting miRNAs a promising target for therapeutic improvement in cancer. Beyond tumor development, miR216a can control oxidized low-density lipoprotein-induced autophagy in endothelial cells by suppressing intracellular levels of Beclin1 and thus plays a role in some cardiovascular disorders and atherosclerosis [38] . Given that the same Beclin1 target may have distinct functions beyond autophagy in different cellular contexts and disease conditions, it remains to be confirmed whether phenotypic changes associated with Beclin1-targeted miRNAs are due to pathogenic or bystander effects of autophagy. Additionally, the autophagy promoters, UVRAG and Atg14, are also controlled by miRNAs. Specifically, miR-630 and miR374a can inhibit the tumor suppressor UVRAG [43] . In line with this, increased miR-630 expression has been observed in gastric cancer and correlated to poor survival [44] , which to some extent may explain deficient UVRAG expression in some human cancers. It should be noted, however, UVRAG is not the sole target of miR-630 and several genes in the DNA damage-signaling pathway are also deregulated in miR-630-expressing cells [45] . Atg14, which forms a mutually exclusive complex with Beclin1-PI3KC3 from the one containing UVRAG, was identified as a functional target for miR-195 [46] . Intriguingly, miR-195 inhibited Atg14-mediated autophagic process functions in neuroinflammation in vivo and in vitro [46] . Inhibition of miR-195 can boost autophagy and alleviate neuropathic pain following peripheral nerve injury, pointing to a connection of the autophagy pathway with cells' inflammatory response. Finally, Rab5A, a small GTPase in endocytic trafficking, can induce the early stage of autophagosome formation through its interaction with the Beclin1-PI3KC3 complex and is targeted by miR-101 [47] . Other autophagy-related targets of miR-101 also include stathmin 1 (STMN1) and Atg4D [47] , suggesting its potent role in autophagy inhibition. Consistent with this, miR-101 was recently found to block chemotherapy-induced autophagy in osteosarcoma cells to increase therapeutic response [48] . Autophagosome biogenesis is also regulated by Atg2-Atg18 and Atg9-mediated membrane retrieval process [49] . Atg2 has been identified as a direct target of miR-30d [50] , miR-143 [51] , and miR-130a [51] , while Atg9 is downregulated by miR-34 in C. elegans [52] . Expression of miR-143 in colon cancer cells caused antiproliferative and chemo-sensitizing effect to 5-fluorouracil treatment, but it is not certain whether miR-143-mediated Atg2 suppression and autophagy inhibition plays a role in this regard [53] .
TARGETING AUTOPHAGOSOME MEMBRANE ELONGATION
In addition to targeting autophagy induction and nucleation, miRNAs also modulate the expansion of autophagosome by targeting both the E1-like (i.e. Atg7) and E2-like enzymes (i.e. Atg10 and Atg3) and ubiquitin-like substrates (i.e. Atg12 and LC3) in the two conjugation processes (Figure 1 ) [18] . Recent data suggest that miR-375 can suppress autophagy by targeting Atg7, independently of its regulation of oncogenic AKT/ mTORC1 signaling [54] . Although autophagy is generally considered as a tumor suppressor mechanism, miR-375-mediated anti-autophagy disrupted the ability of tumor cells to survive metabolic stresses and thereof sensitized sensitizes hepatocellular carcinoma cells to hypoxia-induced cell death [54] . Interestingly, downregulation of another Atg7-targeted miR-17 caused autophagy activation, and paradoxically decreased the threshold resistance in human glioblastoma cells to chemotherapeutic treatments [55] . These seemingly opposite effects of miRNA-mediated autophagy inhibition on tumor growth may reflect the tissue-specific manner in which autophagy is re-programmed by tumors. Although the regulation of most autophagy-related miRNAs expression in tumors remains unclear, it seems evident that drug treatment can considerably reprogram the miRNA expression profile. For instance, Cisplatin has been found to decrease the levels of a panel of autophagy-related miRNAs, such as miR-181a and miR-374a against Atg5, miR-630 against Atg12, and miR-519a against Atg10 and Atg16L1 in a ΔNp63α-dependent manner in squamous cell carcinoma (SCC) cells [43] , suggesting that autophagy regulation by miRNAs plays an undoubtedly important role in anti-tumor response. Being an authentic autophagosome marker, LC3-II levels are regulated by miR-204 and its autophagy-suppressive effect was first recognized in cardiomyocytes during ischemiareperfusion injury [56] , and was later confirmed in the study of renal clear cell carcinoma (ccRCC) [57] . Mikhaylova et al. observed that higher tumor grade of human ccRCC was correlated with a concomitant reduction in miR-204 levels and increase in LC3-II levels, which is controlled by the VHL tumor suppressor [57] . This study revealed the addiction of cancer cells to autophagy, likely to ameliorate stressed conditions for continued survival and proliferation. Yet, whether such change in autophagy represents a by-product of malignant transformation or represents its founding cause remains to be determined. Further investigation in this issue may delineate complex interrelationship between tumor suppressor, miRNA, and autophagy in cancer development. Beside autophagosome-conjugated LC3-II, an inverse correlation of the levels of SQSTM1/p62, an autophagy adaptor and ubiquitin-binding protein, with miR-106 expression was also detected in acute myeloid leukemia [58] . Knockdown of SQSTM1 phenocopied the effect of miR-106 and induced cell expansion of myeloid cells through a mechanism involving the endosome-related but not autophagosome-related protein degradation [58] . It is thus worth noting that miRNAs against autophagy-related factors may confer autophagy-independent tumor suppressive or oncogenic activities.
TARGETING AUTOPHAGOSOME MATURATION
The autophagosome matures by fusion with the late endosome and the lysosome to form the autoloysosome, a process that requires the membrane fusion machinery including the Rab-SNARE system, the tethering HOPS complex, as well as some lysosomal membrane proteins such as LAMP1 and LAMP2 (Figure 1 ). TBC1D2/Armus, a GAP of the late endosome-related Rab7 GTPase, was recently found to be suppressed by miR-17 in both endocytic and autophagic maturation into the lysosome [59] . Currently, little is known about what "prepares" the autophagosome for fusion with a target vesicle and what relevant "signals" are involved. However, recent studies revealed a negative regulation of autophagosome maturation mediated by Rubicon (RUN domain Beclin1-interacting and cysteine-rich containing protein) in complex with UVRAG, Beclin1 and other members of the PI3KC3 complex ( Figure 1 ). Yet, no Rubicon-targeted miRNAs have been identified to promote autophagic turnover. Notably, a recent system biology-based approach identified several miRNAs such as miR-130, miR-98, miR-124, miR-204, and miR-142 as the putative regulators of the autophagy-lysosomal genes [60] , albeit the in vivo relevance of these miRNAmediated inhibitions of autophagic degradation has not been investigated.
CONCLUSIONS
In summary, the involvement of different miRNAs in various steps of autophagy suggests the importance of autophagy in cellular homeostasis and disease conditions. Although it is still a matter of debate whether miRNAs-regulated autophagy reflects ultimately a protective response or a detrimental process during cancer development, progression, and treatment, it seems clear that the autophagy pathway does not exist in isolation but is integrated with other cell signaling networks cross-regulated by miRNAs. Strikingly, in addition to being regulated by miRNAs, autophagy can selectively regulates the abundance and function of miRNAs by a NDP52-mediated targeted degradation of the miRNA-processing enzyme, DICER1, and the main miRNA effector, AGO [61] . This intriguing result emphasizes the fact that our knowledge of miRNA interaction with autophagy is far from complete. Furthermore, how these new regulatory functions of miRNAs and autophagy are finetuned in specific contexts of tumors and how they are translated into to the pathological conditions, remain unknown. Thus, an understanding of the complexity and specificity of miRNAs functions in autophagy regulation and technologies that allow the specific manipulation of miRNA function could have the potential to inform new therapeutic strategies for cancer prevention, diagnosis, and treatment in the future.
